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Chapter  1 


INTRODUCTION 


1. 1  Background 

The  research  described  in  the  following  report  was  performed  under  Con¬ 
tract  No.  DA-22-079-eng-224  between  the  Waterways  Experiment  Station,  a  re- 
bearcii  facility  of  the  Corps  of  Engineers,  United  States  Armj',  and  the  I&ssa- 
chusetts  Institute  of  Technology.  The  work  has  been  sponsored  by:  (l)  the 
Army  Research  and  Development  Program  for  Nuclear  Weapons '  Effects  on 
Structures,  Terrains,  and  Waterways,  Subproject  8-12-95-^20;  (2)  the  Amny 
Research  and  DeveloxHnent  Program  for  Ground  Mobility  Research,  Subproject 
70-05-^00;  and  (3)  the  Defense  Atomic  Support  Agency,  a  Joint  agency  of  the 
three  armed  services. 

The  previous  research  under  this  contract  is  described  in  (MIT  1959b). 

The  overall  objective  of  this  research  is  vei'y  adeq.uately  described  in  that 
report.  However,  in  simmary,  the  ultimate  aim  of  this  research  is  an  under¬ 
standing,  at  the  fundamental  level,  of  the  nat\ure  of  the  patterns  of  behavior 
of  soil  media  subjected  to  rapidly  applied  loads  and  of  the  mechanisms  leading 
to  these  behavior  patterns. 

1.2  Scope  of  research 

The  scope  of  the  research  under  this  contract  is  the  same  as  described 
in  (MIT  1959)-  In  this  study  of  the  behavior  of  soils  under  rapidly  applied 
loads,  three  approaches  have  been  employed:  (a)  Research  into  the  behavior 
of  soils  under  rapidly  applied  loads  in  triaxial  compression;  (h)  Research 
into  the  behavior  of  soils  laider  rapidly  applied  loads  in  one-dimensional 
compression;  and  (c)  a  study  of  wave  propagation  in  soil  media. 

In  research  studies  of  the  behavior  of  soils  in  one-dimensional  and 
triaxial  compression,  a  dead-end  was  rapidly  reached  since  only  the .total 
applied  stresses  were  known.  It  has  thus  become  necessary  to  extend  this 
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research  by  introducing  a  program  which  involved  the  development  and  use  of 
devices  for  measurement  of  the  pressure  induced  in  the  water  occupying  the 
■interparticle  ^'Oids  in  the  soil  laedla  at  the  encoiurtered  stress  levels  and 
times  of  loading. 

The  work  con^Jleteu  under  this  research  effort  during  the  period  October 
1959  to  October  196O  has  been  or  is  being  reported  in  three  separate  reports 
as  follo're:  (a)  a  report  on  the  development  and  performance  of  devices  for 
rapidly  measuring  pore-water  pressure j  (b)  this  report  on  triaxial  compression 
researclij  and  (c)  a  report  covering  the  work  accomplished  under  the  one- 
dimensional  compression  and  wave  propegation  aspects  of  the  research. 

1.3  Triaxial  compression  research 

The  triaxial  compression  research  performed  in  the  past  imder  this  con¬ 
tract  and  described  in  (MIT  1959b)  has  been  conducted  mainly  on  compacted  soil 
specimens.  This  research,  whi]e  yielding  much  useful  information  regarding 
the  effects  of  the  rate  of  strain  on  the  stress  vs.  strain  beha-vlor  of  soil 
media  could  not  be  expected  to  yield  much  information  concerning  the  nechan- 
iame  of  the  observed  behavior  since  one  -vital  piece  of  information  -was  missing. 
Unless  the  results  of  research  of  this  type  can  be  analysed  in  terms  of  effec¬ 
tive  stresses,  (total  stresses  Minus  the  hydrostatic  pressure  in  the  fluid 
phase)  little  knowledge  can  be  gleaned  regarding  the  mechanism  which  allows 
soils  to  resist  shear  stress  or  the  manner  in  which  the  rate  of  stress  appli¬ 
cation  affects  this  mechanism. 

During  the  past  contract  period  (October  1959  to  October  i960)  considerable 
effort  has  been  expended  in  the  development  of  a  device  allowing  rapid  measure¬ 
ment  of  the  pressure  in  the  fluid  phase  of  the  soil  media.  IhiB  work  has  met 
with  considerable  success  and  de-vices  are  now  being  used  -which  permit  very 
rapid  measurement  of  this  pore  water  pressure.  The  state  of  development  of 
these  de-vices  as  of  October  i960  is  described  in  a  companion  report.  As  non- 
saturated  soil  media  are  three  phase  systems  in  -which  soil  skeleton,  fluid 
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and  gas  interact  in  a  complicated  manner  to  give  the  system  its  external 
■beha\'lor  characteristics,  the  hest  initial  appi-oach  would  seem  to  be  through 
saturated  systems  in  which  no  free  gas  is  present.  Soil  engineers  are  new 
in  general  beginning  to  describe  and  explain  effectively,  in  terms  of  effective 
stresses,  the  behavior  of  saturated  soils;  thus,  it  was  decided  that  a  com¬ 
prehensive  Investigation  into  the  effect  of  rate  of  strain  on  the  msuiner  in 
which  saturated  soils  resist  shear  stresses  should  be  undertaken. 

1 .  h  Scope  of  this  ^-eport 

This  report  contains  descriptiois  and  results  of  research  into  the 
effect  of  rate  of  strain  on  the  shear  stress  resistance  of  saturated  fine¬ 
grained  soils.  Tile  following  portion  of  this  report  contains  three  parts: 

(l)  description  of  static  triaxial  compression  teats  on  a  loess  (repre¬ 
sentative  of  a  lean  clay);  (2)  description  of  rapid  triaxial  conpression 
tests  on  this  same  soil;  and  (3)  a  description  of  rapid  triaxial  tests  on 
a  fat  clay.  It  is,  of  course,  necessary  to  completely  describe  in  a  con¬ 
sistent  manner  the  patterns  of  behavior  of  the  two  soils  during  static  or 
very  slowly  applied  stresses  before  the  relationship  of  the  changes  in  these 
beliavior  patterns  to  rate  of  strain  can  be  determined.  Thus  "static"  triaxial 
tests  form  a  very  important  part  of  research  into  the  response  of  soils  to 
"djaiamlc"  loads. 
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Chapter  2 


STATIC  TRIAXIAL  CCMPRESSION  TESTS  OH  SATURATED  LOESS 


2.1  Introduction 

This  chapter  presents  the  results  of  a  series  of  trlaxial  compression 
tests  on  samples  of  saturated  loess  consolidated  from  a  slurry.  A  total  of 
eighteen  tests  were  carried  out.  Sixteen  consolidated,  luidrained  tests  vith 
pore  pressure  measurements  were  performed-  Three  of  these  were  of  a  pre¬ 
liminary  nature  performed  on  molded  specimens  saturated  "by  backpressuring. 
Two  tests  were  consolidated,  drained  tests.  The  results  of  these  teats 
are  summarized  In  Table  2.1,  and  detailed  results  are  presented  in  the 
various  figures  accompanying  this  chapter. 

2.2  Properties  of  soil 

The  soil  used  in  this  series  of  tests  was  a  loess,  typical  of  deposits 
of  the  lower  Mississippi  River  Valley.  A  55  gallon  drum  of  this  soil  was 
received  from  the  Waterways  Experiment  Station  in  December,  1958.  The  soil 
classifies  as  an  ML  soil  according  to  the  Unified  Classification  System  and 
exhibits  a  Liquid  Limit  of  37^  (3^^  to  1*05^)  and  a  Plasticity  Indftx  of  II56 
(856  to  1^^).  As  is  typical  of  windblown  deposits,  the  grain  size  is  rather 
uniform,  725^  of  the  particles  falling  within  the  silt  size  range.  of  the 
particles  are  sand  size  (  ^  O.06  mm.)  and  l4^  are  clay  size  (  <  2  microns) 

The  clay  fraction  is  illite-montmorillonoid  clay  wiiile  the  silt  sized  parti¬ 
cles  are  largely  quartz.  A  complete  mineralogical  analysis  of  this  soil 
along  with  other  pertinent  data  appears  in  (MIT  1959b). 

2 . 3  Preparation  of  samples 

The  main  series  of  fifteen  consolidated  drained  and  undrained  tests  was 
XJerformed  using  test  specimens  trimmed  from  a  large  cylinder  of  the  soil 
which  had  been  consolidated  from  a  slurry.  The  three  preliminary  tests  were 
performed  upon  specimens  formed  by  pressing  soil  of  a  consistency  lower  than 
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the  liquid  limit  but  well  wet  of  Proctor  optimum,  into  a  TefJ on  cylinder 
1^  Inches  in  inside  diameter.  Specimens  of  the  appropriate  size  were  sub¬ 
sequently  trlimned  from  the  cylinders  extruded  from  this,  'Ppflnn  mold.  Of 
course,  the  specimens  fomed  In  this  manner  could  not  be  expected  to  be 
saturated.  Consequentlj'',  an  attempt  was  made  to  saturate  them  foi.lowing 
triaxlal  consolidation  by  raising  both  the  total  all  around  pressure  (chamber 
pressure)  and  the  poi-e  water  pressure  by  the  same  amount  and  thus  diminish 
the  size  of  any  air  bubbles  by  driving  air  into  solution  and  reducing  the 
volume  of  any  remaining  air  (according  to  Henry's  and  Boyle's  laws,  respec¬ 
tively)  . 

Specimens  for  the  main  series  of  test  were  prepared  by  consolidation 
from  a  slurry  in  the  following  manner.  A  quantity  of  soil  was  removed  from 
the  drum,  broken  into  small  Itnaps  and  air-dried.  The  air-dried  soil  was 
passed  through  a  mechanical  grinder.  This  grinder  is  capable  of  grinding 
a  soil,  such  as  the  loess,  until  all  particles  will  pass  a  No.  100  sieve. 

The  ground  Loess  was  thoroughly  mixed  with  deaired,  demineralized 

water  to  a  consi.stency  well  above  the  liquid  limit,  and  this  slurry  was 

loft  to  temper  for  2h  hours.  Following  tempering,  the  slurry  was  extruded 

or  atomized  into  an  evacuated  large  consolidometer.  A  sketch  of  this  large 

consolidometer  appears  in  Figure  2.1  while  a  schematic  s’letch  of  the  method 

of  Introducing  the  sinner  is  shown  in  Figure  2.2.  Following  the  Introduction 

of  the  slurry,  the  top  portion  of  the  consolidometer  was  replaced  and  the 

soil  was  consolidated.  The  load  was  applied  in  five  Increments,  each  double 

2 

the  previous,  the  final  increment  being  1  kg. /cm.  ,  i.e.,  l/l6,  l/8,  l/h,  l/2, 
and  1  kf;./ciQ.  .  Rach  increment  was  allowed  to  remain  until  lOOj^  primary  con- 
solidation  was  complete,  about  3  days.  The  final  load  of  1  kg. /cm.  was 
permitted  to  remain  on  the  sample  for  one  week. 

pn]  lowing  cnn.solldat.ion,  the  soil  cake  (oi-  inches  in  diameter  by  si 
inches  high)  was  extruded  and  cut  into  15  rectangular  prisms.  The  water 
content  of  the  soil  at  this  time  averaged  32.4^,  The  Individual  prisms  were 
stored  by  Immersing  them  in  a  very  inert,  water  repellent  oil  in  an  aquarium 
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TABLE  2.1 


ENCrlNEERIMG  PROPERTIES  -  SATURATED  LOESS 


1.  Norjnally  ConEolidated 


c'  =  0 

Cp'  =  26  1/2° 

2.  C  =  0.l8 

c 

3.  C  =  0.04 

r 

1..  =  13° 

c 

5.  -^  =  0.13 
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tanli.  (Mobil  No.  BB  'Pransformer  oil  tos  used).  Table  2.2  contains  a  tabu¬ 
lation  of  the  water  contents  of  samples  trimmed  from  these  oil-stored  prisms, 
and  it  wl.ll  be  seen  that  wlUi  the  exception  of  samples  2  and  6,  there  is 
little  indication  of  any  water  content  change  occurring  during  storage. 

The  preceding  method  of  preparing  dealred,  saturated  samples  of  re¬ 
molded  soil  has  met  with  considerable  success  wien  used  to  prepare  saarples 
of  fat  clay.  Approximatelj'-  one  doren  batches  of  the  Fat  Clay  (MIT  1959^) 
have  been  prepared  in  this  manner  along  with  several  batches  of  minus  2 
micron  kaolinite.  With  few  exceptions,  excellent  results  were  obtained, 
there  being  very  llttl.e  reason  to  doubt  that  the  vast  majority  of  saii5)les 
thus  obtained  have  a  degree  of  saturation  of  IOO56  and  that  the  exceptions 
were  still  very  highly  saturated,  approaching  100^^.  However,  difficulty 
was  experienced  in  preparing  saturated  samples  of  the  Loess.  When  Loess 
was  mixed  and  atomized  into  the  consolidometer  at  a  water  content  vet  enough 
to  assure  complete  removal  of  air  bubbles  during  the  atomization  process, 
segregation  of  grain  sizes  was  observed  in  the  slurry  following  its  deposi¬ 
tion  when  the  silt  size  particles  settled  and  the  clay  size  particles  re¬ 
mained  in  a  thin  layer  at  the  upper  portion  of  the  slurry. 

Since  the  cl^y  portion  of  the  Loess  exerts  a  major  influence  on 
its  stress “deformation  behavior,  any  loss  or  irregular  uia trioulion  of 
fines  seriously  affects  the  resulting  behavior  of  the  soil.  As  an  example, 
the  first  batch  was  quits  wet  when  placed,  and  the  subsequent  behavior  was 
so  erratic  as  to  \rairrant  disposing  of  this  batch  (e.g.,  some  of  the  S£Ui5)les 
actually  dilated  during  shear  stress  application  as  would  be  expected  with 
a  dense  silt,  rather  than  decreasing  in  volume  as  is  typical  of  a  normally 
consolidated  lean  clay.  Conversely,  if  the  soil  were  to  be  placed  in  the 
consolidometer  at  a  water  content  low  enough  to  preseiT^e  the  original  grain 
size  distribution,  high  degrees  of  saturation  could  not  be  obtained. 

The  final  soil  samples  represent  a  condition  midway  between  these 
extremes.  Consequently,  the  final  samples  exhibited  narked  non-uniformities 
along  with  incomplete  saturation.  The  erratic  water  content  versus  logarithm 
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TABLE  2 >2 

DATA  FROM  STATIC  TRIAXIAL  COMPRESSION  TESTS  -  SATURATED  LOESS 
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1  min.  10  min. 


50 

1.0 

— 

50 

2.0 

— 

50 

2.0 

50 

50 

0.9 

66 

95 

5.9 

60 

95 

2.2 

85 

95 

1.95 

68 

68 

2.0 

75 

75 

2.24 

85 

85 

5.0 

64 

80 

1.5 

85 

93 

0.75 

80 

87 

5-0 

0 

0 

85 

98 

2.0 

84 

96 

2.0 

58 

58 

1.0 

Backpressiure 


of  applied  pressure  data  (Figure  2.l6)  and  slightly  nonconslstent  hehavlor 
during  application  of  shearing  stresses  illustrates  both  of  these  conditions, 
vhile  the  less  than  100^  pore  pressure  response  is  indicative  of  a  degree  of 
saturation  less  than  100^  (See  Table  2.2)  This  problem  of  obtaining  uniform, 
saturated  sangsles  represents  one  of  the  drawbacks  to  utiliring  this  particular 
soil  type  in  any  extensive  research  investigation. 

2.1*^  Trlaxlal  consolidation 

Individual  specimens  for  triaxial  testing  were  trimmed  either  from  the 
soil  extruded  from  the  Teflon  mold  or  from  the  soil  prisms  stored  in  oil. 

A  standard  size  of  specimen  1.1^0  inches  in  diameter  by  3-15  inches  in  height 
was  chosen.  Each  specimen  was  placed  upon  a  porous  stone  on  the  pedestal  of 
a  triaxial  cell  of  Norwegian  Geotechnical  Institute  design  and  memufacture 
(NGI  1957),  Six  strips  of  filter  paper,  3/l6  inch  in  width,  were  affixed 
to  each  specimen  at  eq,\ial  spacings  and  e,rtended  vertically  from  the  top 
of  the  specimen  down  to  and  overlapping  the  circumference  of  the  porous 
stone.  The  drainage  lines  from  the  pedestal  of  the  cell  base,  the  porous 
stone  and  the  filter  paper  strips  hacl  previously  been  filled  or  saturated 
with  thoroughly  deaired  water.  A  solid  Incite  top  cap  was  placed  atop  each 
specimen,  and  each  specimen  was  encased  in  two  thin  latex  membranes  separated 
by  a  layer  of  silicone  grease  of  the  type  used  to  grease  stopcocks.  The 
membranes  •v'ere  sealed  to  the  Incite  top  cap  and  to  the  triaxial  cell  pedestal 
by  four  "0"  rings,  two  on  top  and  two  on  the  bottom. 

Tlie  triaxial  cell  cylinder  was  fastened  to  the  base  and  filled  with 
deaired  water.  A  burette  was  affixed  to  the  drainage  line  to  measure  drain¬ 
age,  and  pressure  was  supplied  to  the  chamber  by  the  standard  NGI  constant 
pressure  cell  (NGI  1957).  In  the  sixteen  tests  which  were  to  be  run  undrained, 
the  drainage  line  was  blocked  following  consolidation  and  backpressurlng. 
Therefore,  as  the  water  content  could  not  change  following  the  closing  off 
of  drainage,  the  water  content  obtained  at  the  end  of  shear  testing  was  that 
existing  at  equilibrium  under  the  effective  stress  system  at  100^  primary 
consolidation . 
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The  results  of  trlaxlal  consolidation  are  plotted  in  the  usual  vater 
content  versus  logarithm  of  effective  consolidation  pressure  plot  in  Figure 

2.16.  It  is  apparent  from  this  plot  that  considerable  scatter  of  data 
occurs.  An  extreme  ancmaly  occurs  between  the  water  contents  obtained 

in  the  preliminary  tests  and  those  obtained  in  the  main  series.  The  most 
ijiy>ortaut  factor  coutrlbutlug  to  this  scatter  Is  probably  the  lack  of 

o?  Ag,  Much  .Ip  "to  "thlp  opi.^^OTi  'hy  ■fchA 

following  two  observations:  (a)  the  slope  of  both  the  normal  consollda-- 
tion  and  rebound  lines  drawn  for  the  preliminary  series  of  tests  almost 
exactly  parallels- the  slope  of  the  corresponding  line  for  the  main  series 
of  tests,  and  (b)  the  plots  of  the  stress  paths  (Figure  2.17)  exhibit 
behavior  Indicative  of  a  higher  isotropic  consolidation  pressure.  Correct¬ 
ed  points,  based  on  these  stress  paths,  ha-ve  also  been  plotted  in  Figure 

2.16.  For  these  reasons,  considerable  weight  has  been  gi-ven  those  points 
exhibiting  the  highest  water  contents  for  any  effective  consolidation 
pressure  in  drawing  the  normal  consolidation  and  rebound  lines. 

Assuming  a  specific  firravltv  of  solids.  G  =  2.76.  the  Compression 

...  _  .  •  B 

Index,  C^  =  O.I79,  and  the  Reboimd  Index,  C^  =  0.037,  can  be  obtained 
from  the  data  plotted  in  Figure  2.16.  It  is  also  interesting  to  note 
the  close  agreement  with  the  normal  consolidation  lines  of  the  point 
representing  the  average  "as  trimmed”  water  content  plotted  against  the 
vertical  consolidation  pressvire  in  the  large  conBolidometer. 

2.5  Trlaxial  Compreeslon  Testing  -  During  Teste 

Drained  triaxlal  ccmpression  tests  were  performed  on  two  san®les, 
both  normally  consolidated,  in  Tests  11  and  12.  In  these  tests,  follow¬ 
ing  consolidation,  defoiisation  of  the  test  specimen  proceeded  at  a  rate 
of  axial  strain  slow  enough  to  allow  complete  dissipation  of  excess 
pore  water  press'jres.  Thus  the  hydrostatic  pressure  existing  in  the 
trlaxial.  chamber  vas  the  seme  as  the  effective  minor  principal  stress 
acting  on  the  sample.  Thei’e  are  two  drawbacks  to  this  type  of  test: 
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(a)  Tlie  len(;tli  of  time  required  for  the  test  is.  In  most  cases,  excessive, 
and  (b)  excessive  saaiple  defomiation  is  required  to  reach  the  maximum 
deviator  stress^  and  as  a  result,  both  piston  friction  and  the  validity 
of  the  usual  area  corrections  give  cause  for  grave  concern.  However, 
these  drawbacks  are  often  offset  by  the  relative  ease  of  performance  of 
this  type  of  test  which  often  leads  to  less  amiblguous  results  than  those 
obtained  In  other  types  of  tests.  As  will  subsequently  be  discussed, 
recently  advanced  theories  (HHIIKEL,  1959)  have  led  to  a  greater  useful¬ 
ness  of  this  type  of  tricxial  test  in  allowing  prediction  of  pore  pressures 
and  stress  paths  in  undralned  tests  from  the  results  of  drained  triaxial 
tests. 


Table  2.3  is  a  tabulation  of  the  rates  of  strain  used  in  the 
performance  of  tlie  drained  tests.  Assuming  failure  at  6'/j  strain  in  Test 

11  and  10‘)  in  Test  12,  times  to  failure  of  56.5  hours  and  4l  hours,  re¬ 
spectively,  v?cre  requir'd.  BIGIIOP  and  iniinOHL  (1957),  as  a  result  of 
experience  in  testing  clays,  indicate  a  time  to  failure  of  50  hours  as 

a  guide  for  a  typical  lean  clay  (V.'eald  Clay,  Liquid  Limit  =  455i,  Plastic 
Limit  -  iO',') .  on  this  basis,  the  rates  of  strain  used  in  Tests  11  and 

12  seem  more  than  adequately  slow  to  insure  complete  drainage. 

Tlie  stress  versus  strain  volume  change  data  from  Test  11  are 
plotted  in  Figure  2.11  and  for  Test  12  in  Figure  2.12,  Gome  evidence  of 
th.c  trouble  encountered  from  piston  friction  is  shown  in  Figure  2.11. 

The  points  so  indicated  were  obtained  prior  to  a  gentle  rotation  of  the 
piston.  Following  tliis  rotation,  the  loads  as  read  on  the  proving  ring 
dropped  to  values  in  );eeying  with  the  indicated  curve.  P'ollowing  a 
leveling  off  of  deviator  stress  almost  no  further  trouble  was  experienced 
with  piston  friction. 

In  Test  12,  the  seinple  was  strained  to  approximately  3/^  and 
the  load  frame  was  switched  off  overnight  (approximately  15  hours). 

During  this  time  t'ne  sample  continued  to  strain  approximately  1/25j  with 
a  resulting  reduction  in  deviator  stress.  Following  resumption  of  test- 
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TABLE  23 


DATA  FOR  HVORSLEV  PARAMETER  PLOl'  -  LOESS 
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ing,  the  deviator  stress  rose  s)iarply  at  a  more  oi-  less  constant  strain, 
straining  gradually  began,  and  the  resulting  stress  versus  strain  curve 
became  apparently  a  continuation  of  the  curve  prior  to  "relaxation". 

Tlie  areas  used  in  computing  tlie  stresses  vere  cot!g)uted  in  the 
conventional  manner  considering  both  the  volume  change  of  the  sample  as 
recorded  by  the  burette  reading  and  the  axial  strain  of  the  sample. 

2.6  Triaxial  Compression  Testing  ^  Undralned  Tests 

Sixteen  specimens  were  tested  in  laidrained  triaxial  coa^iression 
following  consolidation,  m  all  of  these  tests,  drainage  from  the  sample 
was  closed  off  at  the  ccai^letion  of  the  consolidation  process  and  con¬ 
nection  was  made  to  an  appropriate  device  for  measuring  the  pore  water 
pressure.  In  the  preliminary  series  of  tests,  connection  was  made  to 
a  null  balance  type  of  pore  pressure  measuring  system  of  Norwegian 
Geotechnical  Institute  design  (NGI  19Ij7)*  In  the  main  series  of  13  tests, 
an  automatic  pore  pressure  measuring  device  was  employed  (PENMAN  1955). 

In  this  device,  a  sensing  element  detects  any  tendency  toward  migration 
of  water  from  or  toward  the  test  specimen.  Tlie  output  of  this  sensing 
element  controls  a  heater  in  a  closed  oil  system.  The  expansion  and 
contraction  of  this  oil  prevents  the  migration  of  pore  water  and  operates 
a  Bourden  gauge  Indicating  the  pressure  necessary  to  accomplish  this, 
l.e.,  the  pore  water  pressure. 

In  all  cemples,  the  first  step  following  connection  of  the 
pore  pressure  measuring  device  wai  to  increase  rapidly  the  triaxial 
chamber  pressure  and,  at  the  same  tJme,  note  the  resulting  increase  in 
pore  water  pressure,  or  pore  pressure  response.  This  response  is  a 
good  indication  of  the  degree  of  saturation  of  the  entire  system  (soil 
sample,  stone  drainage  connections  and  measuring  device).  If  the  sysvc:.. 
is  coit^letely  saturated,  the  response  of  the  pressure  in  the  pore  water 
should  be  immediate  and  equal  to  the  increment  of  chamber  pressure.  As 
will  be  noted  in  Table  2.2,  the  response  was  poor  in  fill  c.asos.  Since 
considerable  care  was  exercised  in  assuring  that  the  drainage  connec- 
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tiont;  and  pore  prcoouxe  moaouring  device  vci'c  ccs:5>letci^’  oaLui-aLed,  the 
most  otvlous  source  of  the  lack  of  good  pore  pressure  response  vas  the 
less  than  100^^  saturation  of  the  sawples  themselves..  In  order  to  offset 
‘the  efTects  of  *t-liis  poo2'  pore  pressure  response^  “two  sleeps  were  "fcitken: 

(l)  the  sampleo  ’.?ere  'bsckprcoourcd  as  previously  described^  and  (2) 
the  tests  were  rvin  as  constant  volume  tests  by  maintaining  constant  pore 
pressures  and  adjusting  the  chamber  pressures  in  such  a  manner  that 
no  flow  of  water  either  to  or  from  the  eearples  occurred.  Since 
a  =  a  a  change  in  £r  with  a  constant is  equivalent  to  a  correspond¬ 

ing  change  in  X(.  with  a  constant  a. 


tests  are  plotted  in  Figures  2.3  through  2.10  and  2.13  and  throu^  2.15. 
In  the  main  series  of  tests,  the.Aa^,  necessary  to  maintain  a  constant 
volume,  is  plotted  as  an  equivalent  change  in  pore  presswre.  In  the 
preliminary  series,  A  is  plotted  directly. 


Two  rates  of  strain  ware  used  for  the  main  series  of  tests. 
Tests  1  through  4  were  performed  at  a  rate  of  strain  of  lO^t  in  6  hottf* 
and  the  remainder  were  performed  at  a  rate  of  10^^  in  12  hours.  The  data 
give  no  evidence  of  any  strain  rate  effect  within  the  range. 


2.7  Results  of  Trlaxial  Cocipression  Tests  on  Loess 

Engineering  parameters  of  behavior  of  the  Loess  are  presented 
in  Table  2.1.  All  shear  strength  and  pore  pressure  data  axe  listed  in 
Table  2.2.  Figure  2.3  is  a  plot  of  the  stress  versus  strain  curves 
obtained  from  the  main  series  of  tests.  The  water  contents  obtained 
from  the  imdrained  series  of  tests  are  plotted  against  the  logarithm  of 
consolidation  pressure  in  Figure  2,l6. 

2.8  Analysis  of  the  Results  of  Trlaxial  Compression  Tests  on  Loess 

One  of  the  most  Informative  ways  of  analyzing  the  resiilts  of 
undxained  trlaxial  tests  is  to  plot  the  paths  followed  by  the  normal 
effective  stress  and  sheering  stress  on  some  parbicular  plane  as  the 
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test  progresses  to  failure.  Tiiree  planes  are  commonly  selected  fcr  this 
pui-pose:  (l)  the  plane  of  maximum  obliquity  of  stresses;  (2)  the  plane 
on  which  failure  will  ultimately  occur,  and  (3)  a  plane  at  i4-5°  to  the 
principal  stress  planes.  {This  is  the  plane  of  maximum  shear  stress). 

The  last  two  planes  are  the  rao.'it  informative  and  the  stresses  on  these 
two  planes  are  very  closely  related.  The  results  of  the  normally  con¬ 
solidated  tests  are  plotted  thus  in  figure  2.17  while  the  results  of  the 
overcons oildated  tests  are  plotted  in  Figure  2.20. 

In  a  plot  of  this  tj-pc,  the  stress  paths  followed  in  a  conventional 
drained  test  follow  a  path  that  starts  at  the  particular  value  of  the 
chamber  pressure  and  progresses  to  failure  on  a  straight  line  path  in¬ 
clined  at  to  the  horizontal.  These  paths  for  Tests  11  and  12  are 
shown  as  dashed  lines  in  Figure  2.1?-  A  line  connecting  the  points 
representing  failure  stress  conditions  for  these  two  tests,  and  pre¬ 
sumably  for  any  other  drained  test  on  normally  consolidated  samples  is 
shown  and  is  labeled  the  CD  (Consolidated -Ilrained)  line.  It  is  interest¬ 
ing  to  note  that  this  line,  with  minor  exception,  fails  through  points 
of  maximum  deviator  stress  (but  not  points  of  maximum  stress  obliquity) 
on  the  stress  paths  for  undrained  tests . 

Apparently  the  specimens  tested  In  Tests  13,  l4  and  13  were  the 
most  fully  saturated  as  they  gave  the  maximum  wtater  contents  vhsn 
plotted  in  Figure  2.3 6  and  the  stress  paths  from  these  three  tests  are 
extremely  typical  of  stress  paths  from  undrained  tests  on  saturated 
clay  soils.  Tests  1,  2,  3  and  4  present  atypical  stress  paths.  Rather 
than  commencing  with  a  tangent  having  a  negative  slope  or  a  slope  of 
Infinity  (both  are  typical),  the  stress  patte  from  these  tests  commence 
with  tangents  having  a  positive  slope.  This  behavior  is  typical  of  heavily 
overconsolidated  soils  or  of  soils  tested  in  situations  vrtiere  drainage 
was  known  to  occur.  The  mo.si.  probable  explanation  of  the  stress  path 
froTn  nn  ino*  in  +:bi»  p^"****  measuring  systems. 

Due  to  these  lags,  the  volume  of  the  specimens  decreased  (as  in  a  drained  test) 
prior  to  the  detection  of  thi.s  tendency  by  the  test  operator.  As  the  test  progresses, 


the  stress  paths  merged  vith  a  hypothetical  stress  path  from  a  test 

normally  consolidated  to  hl^er  pressure.  The  dotted  curve  extension 

to  the  stress  path  of  Teat  ?  in  Figure  2.llj-  represents  an  approximation 

to  such  a  hypothetical  curve.  An  assumption  that  the  failure  water 

content  of  Test  2  is  that  attained  hy  a  consolidation  pressure  of 
2 

4.75  hg/cm  would  move  the  point  representing  Test  2  to  the  right  as 
shown  in  Figiire  2.16.  This  has  also  been  indicated  in  Figure  2.l6  for 
Tests  1.  5  and  4. 

The  angle  giving  the  slope  of  the  CD  Line  in  Figure  2.17  1b 
related  to  the  usual  d'cr  ^Iralaed  angle  of  shearing  resistance  obtained 
frcm  a  plot  of  shear  stress  on  the  failui'e  plane  at  the  time  of  failure 
plotted  against  the  stress  normal  to  the  failure  plane  at  the  time 
of  failure  by  the  relationship: 

sincp  =  tano^  =  0.i(-38;  cp'  =  26°. 

Stress  peths  from  the  overconsolidated  tests  have  t)een  plotted 
in  Figure  2.20  in  a  manner  similar  to  the  normally  consolidsted  tests. 

Tab'vilated  in  this  figure  is  the  overconsolidation  ratio  (OCA)  pertaining 
to  each  particular  test.  This  value  is  the  ratio  of  the  maximum  past 
pressure  to  the  effective  stress  existing  on  the  sample  prior  to 
testing  (i.e.,  OCR  =  -  .  A  stress  vector  representing  an 

average  of  Tests  1  and  15  has  been  plotted  to  conplete  this  plot  with 
a  stress  path  representing  an  OCR  =  1  (or  normal  consolidation).  These 
stress  paths  are  reasonably  typical  and  a  rather  well  defined  "failure 
envelope"  can  he  drawn,  as  shown.  However,  the  following  anomalous  be¬ 
havior  can  be  seen  in  a  close  study  of  Figure  2.20:  (l)  the  stress  paths 

of  Tests  5  and  10  should  coincide  since  the  stress  histories  of  these  two 
samples  prior  to  testing  are  identical.  !Qie Act  that  the  t«o  stress  paths  do  not 
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coincide  probably  reflects  a  rather  basic  dissimilarity  of  coa^josltion  between 
these  two  samples  as  the  water  contents  are  quite  similar,  -and  the  difference  in 
water  content  that  does  exist  would  tend  to  produce  behavior  differences  opposite 
to  that  observed  in  Figure  2,20.  (2)  Stress  paths  frcm  Tests  5  and  7  proceed 

to  the  assumed  "failure  envelope"  in  a  typical  manner  and  then  exlilbit  a  pronounced 
reversal  of  beha\'ior.  moving  out  In+o  the  domain  past  the  failure  envelope  on  a 
path  of  almost  constant  devlator  stress  (i.e.,  by  an  increase  of  pore  water 
pressure) . 

The  stress  path  of  Test  10  exhibits  a  similar  phenomenon  in  a  somewhat 
different  manner.  The  divergence  from  typical  behavior  occurs  before  the  failure 
envelope  is  reached,  and  the  stress  path  reaches  and  rides  along  the  envelope  in 
a  somewhat  atypical  fashion.  The  explanation  for  this  irregular  behavior  may  be 
found  in  the  interrelationship  between  the  fraction  of  the  soil  particles  that 
would  behave  as  a  granular  media  (i.e.,  the  majority  of  the  silt  size)  and  the 
matrix  of  fines  behaving  colloidally  (i.e.,  the  clay  fraction).  The  failure 
envelops  as  shown  could  then  represent  the  stress  behavior  of  the  clayey  matrix, 
and  the  anomalies  occur  when  the  skeleton  of  silt  size  particles  begins  to  con¬ 
tribute  to  the  behavior.  The  straight  line  approximation  to  the  failure  enveT.ope 
for  this  case  can  be  described  by  the  parameters  b  =  Intercept  on  y  axis  = 

.32  kg/cm  and  c<-=-  slope  of  failure  envelope  =  Tau  *370  or  converted  to  tp  = 

21  l/2°and  c'  =  0.3^  kg/cm^. 

2.9  Idealization  of  the  behavior  of  Tjoess  in  trlaxlal  compression 

The  preceding  discussion  points  out  the  wide  scatter  of  the  data  result¬ 
ing  from  these  triaxial  compression  tests.  In  this  section  an  attempt  will  be 
made  to  idealize  the  behavior  in  such  a  manner  that  futiire  studies  of  the 
effect  of  rate  of  strain  on  the  stress  vs.  strain  behavior  may  be  compared  to 
it. 

Attention  will  be  first  directed  to  the  normally  consolidated  tests. 

In  Figure  2.17,  each  stress  path  frcm  an  undralned  test  represents  a  line  of 
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constwat  water  content «  Tests  l4  and  15  represent  the  typlea].  behavior  to  be 
expected.  These  two  curves  were  "normalized"  by  dividing  both  tue  ordinates 
and  abscissas  of  points  on  t)ie  curve  by  the  pressure  to  which  the  particular 
sample  was  consolidated.  These  normalized  points  were  plotted  in  Figure  2.8, 
and  a  best  fit  curve  rising  to  the  consolidated-drained  fsllure  line  was 
draw:a.  Using  the  plot  of  water  content  vs.  logsrithm  of  coasolidatioa  pressiure, 
this  normaliEed,  Idealized  stress  path  was  expanded  to  the  family  of  curves  is 
Flgur-e  2.19.  It  has  been  proposed  and  data  have  been  presented  to  support  the 
proposal  (HENKEL,  1959)  that  such  water  content  contour*  are  unique  curves  re¬ 
lating  the  pore  pressures  developed  in  imdrained  tests  to  the  volume  changes 
occvirring  in  drained  tests.  Henkel's  data  are  plotted  in  principal  stress  space 
to  obtain  as  general  a  relationship  as  possible,  but  the  hypothesis  is  equally 
valid  for  the  slji5)le  type  of  plot  shown  here. 

As  each 'curve  represents  a  constant  water  content,  it  represents  the 

stress  path  followed  in  an  undrained  test  consolidated  to  the  pressure  indi- 

2 

cated.  For  example,  a  sample  of  remolded  i.oess,  consolidated  to  J)-  kg/cm  , 
should  ideally  have  a  water  content  of  27.55^.  If  subjected  to  an  xindrained 
triaxial  compression  test  following  consolidation,  it  shoiild  follow  the 
effective  stress  path  represented  by  the  27.3^(  water  content  contour,  reaching 
the  failure  envelope  at  a  deviator  stress  of  1.05  kg/cm  .  The  total  stress 
path  during  testing  is  represented  by  the  dashed  line  4-B.  The  pore  pressiure  at 
any  stage  in  the  test  is  the  horizontal  distance  between  the  total  stress  and 
the  effective  stress  paths.  At  failure  the  pore  pressure  would  be  the  norizontal 
distance  AB  or  2. 60  kg/cm‘^.  The  pore  pressure  parameter  A  equals 

2.60  _  1  pji 

A  2  ^  ~ 

(SKEMPTON,  195^). 

2 

The  dotted  lines  on  Figure  2.19,  starting  at  3'0  kg/cm 
on  the  X  axis  and  rising  with  a  slope  of  45°,  represent  stress  paths 
trlaxlal  compression  tests  consolidated  to  these  chamber  pressures, 
water  content  contours  are  unique,  the  points  where  the  stress  paths 
water  content  curves  should  yield  the  water  contents  existing  in  the 
triaxial  tests  at  these  stress  levels.  Tests  11  and  12  are  triaxial 


2 

and  5-0  kg/cm 
of  drained 
If  the 
cross 
drained 
tests  of 
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this  natui’Go  Assiiming  a  vater  content  prior  to  application  of  the  deviator 
stress  corresponding  to  Figure  2  <.19,  and  meJcing  use  of  the  volume  change  data 
given  in  Figtures  2.11  and  ^.12,  a  comparison  of  predictfid  and  actual  water  con- 
tents  can  he  made.  This  comparison  is  smade  in  Table  2.4.  At  -^irst  glance  the 
calculated  water  contents  in  Ttest  13.  stiem  to  present  rather  poor  agreement  wj.th 
the  predicted  values.  However,  closer  inspection  reveals  the  fact  that  dis¬ 
crepancy  occurs  between  the  start  of  the  test  and  point  2,  w-ith  the  difference 
in  calculated  and  predicted  water  contents  remaining  almost  constant  frem  point 
2  to  point  6  at  msjcimum  deviator  stress.  A  study  of  Figure  2.19  leads  to  the 
conclusion  that  as  the  stress  path  reaches  the  failure  envelope,  if  the  deviator 
stress  reaches  a  constant  value,  no  further  volume  cliange  should  result  with 
additional  straining.  However,  in  the  actual  test,  a  volume  cliange  was  occurring 
as  maximum  deviator  stress  was  reached  and  continued  to  occur  up  to  the  end  of 
testing..  If  the  volume  change  at  the  end  of  testing  is  used  to  coaipute  the  water 
content  in  Table  2  ■4,  very  close  sgreement  with  the  predicted  value  occurs .  A 
possible  explanation  for  this  occurs  in  a  non-uniform  distribution  of  stresses 
and  hence  a  non-uniform  distribution  of  water  contents  in  such  a  test.  This 
variation  in  water  content  could  have  begun  to  occur  at  the  beginning  of  testing 
and  reached  an  equilibrium  distribution  between  stress  levels  represented  by 
points  1  and  2.  Following  the  attaimeiit  of  a  maximum  deviator  stress  condition, 
this  special  distribution  of  water  content  began  once  more  to  equalize  itself, 
becoming  almost  uniform  at  failure. 

Test  12  presents  calculated  vs.  predicted  values  in  quite  good  agreement 
up  to  the  stress  level  where  relaxation  was  permitted.  Following  the  resunption 
of  testing,  these  values  diverged  somewhat  at  large  strains.  Considering  the 
uncertainties  Involved  in  these  types  of  measurements  and  prediction,  quite 
good  agreement  between  the  predicted  and  calculated  water  contents  seem  to  be 
attained , 

No  idealization  of  the  overconsoiidated  tests  has  been  made.  It  is  felt 
that  insxifficient  data  is  availabD.e  to  allow  resolution  of  some  of  the  anomalies 
apparent  in  Figure  2.20.  However,  if  some  average  path  representing  Tests  5 
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TABLE  2.*\ 


COMPARISON  BETWEEN  OBSERVED  AltD  PREDICTED  hJ-DRAINED  TESTS  -  SATURATED  LOESS 

TEST  11 


Point 

(o;  - 
2 

AV  (cc) 
(Fig.  2.11) 

Volume 
of  Water 
(cc) 

Water  Content 
(calculated) 

Water  Content 
(predicted) 

ii) 

3  kg/cm^ 

0 

0 

33.5 

28.1 

28.1 

1 

--  77 

.27 

55.23 

27.9 

27.3 

2 

1.26 

.70 

32.80 

27.5 

26.6 

3 

1.65 

1.18 

32.32 

27.2 

26.1 

U 

1.95 

1.57 

31.93 

26.8 

25.6 

5 

2.20 

1.92 

31.58 

26.5 

25.3 

6 

ifex  ((t;  -  0^ 

0  A 

*  Kf 

51.50 

26.2 

25.2 

7 

End  of  test 

5.25 

50.25 

25.4 

25.2 

TEST  12 

0 

0 

0 

51.6 

26.6 

26.6 

1 

.85 

.38 

51.02 

26.1 

26.1 

2 

1.48 

.85 

30.75 

25.8 

25.6 

5 

1.97 

1.05 

50.55 

25.6 

25.5 

2.55 

1.50 

30.10 

25.3 

24.8 

5 

2.73 

1.88 

29.72 

25.0 

24.6 

6 

3.05 

2.30 

29.3 

24.6 

24.3 

7 

3.30 

2.45 

29.17 

24.4 

24.1 

8 

3.55 

2,5'-‘ 

29.06 

24.5 

CC 

cvt 

Note:  Water  content  at  trimming  =  51.2^ 

Volume  prior  to  consolidation  =  8o.O  cc 
Specific  gravity  of  solids  taken  as  2.77 
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and  10,  as  is  shovn  dotted  In  the  figure,  vere  assumed,  the  principal  arrange¬ 
ment  would  he  resolved  and  a  dimensionless  plot  co'uld  he  produced  hy  dividing 
the  ordinate  and  abscissa  of  all  points  in  Figure  2.20  hy  8.0  kg/cm  (the  maxi¬ 
mum  past  consolidation  press’jre) .  The  resiilting  plot,  it  could  he  hypothesized, 
woiild  be  general  for  any  maximum  past  pressure. 

2 . 10  Shear  strength  parameters  at  constant  water  content 

If  the  shear  stress  on  the  failure  plane  at  the  time  of  failu.re(T^^  ) 
is  plotted  above  the  normal  effective  stress  existing  on  this  plane  ) 

and  this  plotting  ho  dons  for  conditions  of  constant  water  content  at  failure, 
the  so-called  "true  cohesion"  (c^)  and  "true  angle  of  internal  friction"  (ip^) 
will  he  obtained  (HVORSLEV,  1937).  Such  a  plot,  of  course,  can  be  done  for 
several  water  contents  at  failure.  The  plot  can  be  made  dimensionless  by  di¬ 
viding  the  ordinate  and  abscissa  of  each  point  by  the  consolidation  pressure 
necessary  to  produce  the  same  water  content  in  a  normally  consolidated  specimen. 
If  this  be  done,  a  single  straight  line  will  be  obtained  having  the  angle  ■Pg 
as  its  slope  and  intercepting  the  y  axis  at  a  value  ()f  .  The  best  form  for 
such  plotting  with  data  similar  to  that  obtained  in  this  test  is  seen  in  Figure 
2.2.  A  best  fit  straight  line  through  these  points  is  drawn  and  c})  ^  and 
calculated  as  shown  in  Figure  2.21.  With  the  exception  of  Tes\;s  P-2  and  P-3, 
the  line  as  drawn  fits  the  points  quite  closely,  and  this  plot  seems  to  afford 
the  best  means  of  generally  describing  the  recorded  shear  strength  behavior  of 
the  Loess. 

Due  to  the  scatter  of  data  in  the  consolidation  water  content  plot 
(Figure  2.l6),  the  following  method  of  detennlning  an  appropriate  value  for 
p^  was  employed:  (a)  In  normally  consolidated  tests,  the  actual  consolidation 
pressure  was  used.  The  assu!i5>tion  is  that  void  ratio  at  failure  rather  than 
water  content  is  the  Important  criteria  in  the  determination  of  shear  strength 
and  that  the  void  ratio  is  a  function  of  consolidation  pressure  regardless  of 
the  degree  of  saturationj  (b)  Lacking  such  logical  assumptions  for  the  over¬ 
consolidated  tests,  the  equivalent  consolidation  pressure  was  determined  by 
projecting  the  point  vertically  to  the  rebound  line  and  from  this  interaction 
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horizontally  to  the  normal  consolidation  line.  This  determination  is  shown  hy 
dotted  lines  in  Figure  2.l6.  The  data  for  plotting  Figure  2.21  are  listed  in 
Table  2.5. 

2.11  Engineering  parameters  of  shear  strength  behavior 

The  usual  engineering  shear  strength  plots  have  been  constructed  in 
Figiu’es  2.22  and  2.23-  In  Figure  2.22  is  plotted  the  shear  stress  on  the  failure 
plane  at  failure  versus  the  effective  stress  acting  normal  to  the  failure  plane 
at  failiire.  Failure  was  assumed  to  occur  on  a  plane  represented  by  the  point 
of  tangency  of  the  Mohr's  circle  of  stresses  at  failure  to  the  resulting  failure 
envelope  and  when  the  condition  of  maximum  devlator  stress  was  reached  in  the 
test.  The  plot  in  Figure  2.22  gives  the  envelopes  to  the  Mohr's  circles  of 
stress  drawn  in  terms  of  the  effective  principal  stresses  existing  at  failure. 

Figure  2.23  presents  the  \mdrained  shear  strength  (defined,  in  this 
case,  as  one -half  the  maximum  deviator  stress)  plotted  against  the  corresponding 
consolidation  pressure  existing  prior  to  the  start  of  the  test. 

2.12  Summary  and  conclusions 

The  resiilts  of  an  extensive  series  of  tests  on  a  remolded  Loess  have  been 
presented.  These  resixlts  have  been  thoroughly  analyzed  and  ideal  behavior 
patterns  have  been  presented.  It  is  apparent  that  there  is  considerable  scatter 
of  the  data.  This  scatter,  it  is  felt,  is  due  to  difflciilty  in  obtaining  homo¬ 
geneous,  saturated  test  specimens.  The  observed  behavior  fits  the  idealized 
patterns  only  fairly  well.  The  discrepancy,  it  is  felt,  is  due  not  only  to  the 
non-homogeniety  and  non-se.turation  of  samples,  hut  may  also  represent  some  de¬ 
viation  from  typical  behavior  due  to  an  interaction  of  the  behavior  patterns  of 
the  colloidal  and  granvilar  fractions. 
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Chapter  3 


RAPID  IRIAXIAL  COMPRESSION  TESTS 
ON  SATURATED  LOESS 


3.1  Introduction 

This  chapter  contains  the  description  of  a  series  of  rapid  trlaxial 
coit^jression  tests  performed  upon  saturated,  norraally  consolidated  samples  of 
Loess.  This  series  of  tests  was  of  a  preliminary  nature,  performed  in  the 
planning  stage  of  a  research  program  on  the  nature  of  possihle  mechanisms 
of  the  effect  of  rate  of  strain  application  upon  the  stress-strain  hehavior  of 
saturated  soil  media. 

3.2  Description  of  the  soil 

The  soil  employed  in  this  series  of  tests  was  the  same  soil  used  in  the 
static  triaxlal  compression  tests  described  in  the  previous  chapter.  A  com¬ 
plete  description  of  this  soil  and  listing  of  its  engineering  properties  and 
mineralogical  data  can  he  fo’jnd  in  Gimpter  2  of  this  report  and  in  (MIT  1959b)- 


3.3  Preparation  of  test  samples 

The  sauries  of  saturated  Loess  for  this  series  of  tests  were  trismed  from 
a  large  "cake"  of  the  soil  prepared  by  consolidation  from  a  sliury  in  exactly 
the  same  manner  as  were  the  samples  employed  in  the  static  trlaxial  ccsnpressions 
tests  described  in  Chapter  2  of  this  report.  Based  on  experience  gained  in  the 
preparation  of  the  previous  batch  of  soil,  every  possible  precaution  was  exer¬ 
cised  to  insure  that  the  samples  were  uniform,  homogenous  and  saturated. 

3”^  Consolidation  of  trimmed  test  specimens 

Trimmed  test  specimens  were  placed  in  a  triangle  chamber  c  Norwegian 
Geotechnical  Institute  design,  modified  to  accept  an  appropriate  load  cell. 

The  specimens  were  set  on  the  Incite  pedestal  of  the  load  cell,  six  saturated 
vertical  filter  strips  were  affixed  to  the  specimens,  and  saturated  porous 
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stones  were  placed  on  top  of  each  specimen  followed  ty  luc-lte  top  caps  liaving 
provision  for  top  drainage  through  connecting  lengths  of  saran  tubing  -vdiich 
passed  throijgh  the  cell  base  plates.  Each  specimen  was  incased  in  two  thin 
latex  membranes  separated  by  a  layer  of  silicone  grease  and  sealed  to  the  top 
cap  and  to  the  load  cell  piston  by  two  rubber" o"  ring  seals. 

Following  the  preparation  of  each  specimen,  the  trlaxlal  chamber  was 
sealed  aiid.  filled  with  previously  deaired  water,  and  the  consolidation  chamber 
pressure  was  applied.  In  all  tests  of  this  series,  the  test  specimens  were 
allowed  to  proceed  to  IOO56  of  primary  consolidation  under  a  chamber  pressure  of 
4.0  kg/cm^  (56.8  Ib/in^). 

3.5  Rapid  trlEuclal  compression  testing 

The  test  series  involved  the  testing  of  fo\ir  identical  specimens.  Two 
specimens  were  tested  at  a  chamber  pressure  equal  to  the  consolidation  pressure, 
■vdille  the  other  two  were  tested  \mconflned  (chamber  pressure  =0).  In  both 
cases,  testing  was  performed  with  the  drainage  line  closed  off  (undralned),  but 
in  the  vmconflned  tests  the  chamber  pressure  was  released  prior  to  testing. 

Two  rates  of  strain  were  employed,  one  fast  and  one  slow,  with  one  of 
the  confined  and  one  of  the  unconfined  specimens  being  tested  at  each  strain 
rate.  Hie  fast  strain  rate  used  was  the  fastest  rate  available  on  the  MIT  dynamic 
load  frame,  7505t  per  second,  while  the  slow  rate  was  0.15/t  per  second,  as  fast 
as  was  consistent  id.th  visual  recording  of  the  axial  load  by  pro^.-lng  ring  readings. 
The  fast  rate  produced  failure  in  a  time  on  the  order  of  10  milliseconds  while 
several  seconds  were  required  to  fail  specimens  using  the  slow  rate.  Loading  at 
the  slow  rate  was  accomplished  using  a  standard  mechanical  load  fnane  designed 
and  constructed  by  V^ykeham-Farrance  Engineering  Ltd.  of  Ducks,  England. 

3 • 6  Instrumentation 

The  instrmnentation  for  sensing  the  applied  load  and  resulting  deflection 
of  the  specimens  tested  at  the  rapid  rate  of  strain  Is,  with  the  exception  of 
the  load  cell,  the  same  as  is  fully  described  in  (MIT  1959^) •  Briefly,  the 


deflection  sensing  eleraant  is  a  D.C.  strain  gage  slide  vire  potentiometer  vhich 
is  capable  of  sensing  deflections  in  0.001  inch  increments,  ana  the  load 
sensing  element  of  the  load  cell  is  a  force  transducer  wherein  a  bridge  con¬ 
figuration  of  unbonded  strain  gages  senses  the  minute  defJ.ectlon  of  a  thin  steel 
dlaphram.  The  output  of  these  sensing  elements  is  displayed  on  an  oaclUoscope 
and  the  trace  photographed  by  means  of  a  Polaroid  Land  camera  attachment , 

In  the  slow  test,  the  output  of  the  sexislng  elements  was  plotted  directly 
on  a  Moseley,  Model  X-Y  Pscorder.  In  Tests  2  and  the  pen  of  the  X-Y 
Recorder,  ’Which  was  recording  strain,  was  activated  at  predetermined  proving 
ring  leadings,  allowing  quite  rapid  recording  of  the  load  deflection  data.  In 
addition  to  the  provliig  ring  data,  the  output  of  the  load  cell  was  recorded  in 
Teat  4  allowing  s.  comparison  of  externally  measured  loads  with  those  measured 
inside  the  trlaxial  chamber.  This  procedure  allows  some  evaluation  of  the 
possible  error  in  the  testing  techniques  due  to  piston  friction. 

3,7  The  new  load  cell 

la  a  discussion  in  (MIT  1959b) »  if  was  pointed  out  that  the  load  cells 
originally  designed  for  use  with  the  MIT  dynamics  testing  equipment  were  foimd 
to  be  moderately  sensitive  to  error  due  to  off  center  loading  and  were  rather 
difficult  to  maintain  as  the  Teflon  membrane  was  j^rone  to  develop  leate,  and 
the  replacement  procedure  was  ccmplicated.  When  a  new  design  force  transducer 
(Lynamic  Instrument  Co.,  Carlton  Street,  Cambridge  39,  Mass.,  Model  PT)  became 
available,  a  new  approach  to  the  load  cell  problem  was  possible.  The  load  cell 
described  in  this  section  is  the  first  constiucted  using  the  force  transducer. 
Since  this  series  of  test,  several  variations  of  the  basic  load  cell  have  heen 
constructed. 

The  new  load  cell,  pictured  in  Figure  3,1,  has  been  constructed  upon  a 
base  similar  to  those  esiployed  in  the  old  load  cells  so  that  it  can  be  used  in 
the  MIT  modified  N.G.I.  trlaxial  cells.  Any  horizontal  conqionent  of  load  will 
be  resisted  by  a  normal  force  between  the  lucite  piston  and  the  Teflon,  is  almost 
frictionless.  Thus  the  force  transducer  senses  only  the  vertical  component  of 
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the  load  applied  to  the  piston.  Prior  to  use,  this  load  cell  was  carefully 
cali’orated  against  the  proving  ring  en^iloyed  in  the  tests  at  the  slov  rate  of 
strain.  In  addition,  in  order  to  investigate  the  possibility  of  any  "strain- 
mte  effect"  inherent  in  the  load  cell,  it  was  loaded  by  means  of  a  controlled 
deflection  of  a  calibrated  spring  at  rates  of  loading  representing  the  complete 
range  involved  in  dynamic  soil  testing.  The  cell  was  foiuid  to  be  free  of  any 
Buoh  effect- 

3.8  Results  of  rapid  triaxial  compression  tests  on  saturated  loess 

The  stress  vs,  strain  data  recorded  from  this  series  of  triaxial  com¬ 
pression  tests  on  saturated  Loess  have  been  reduced  and  plotted  in  Figure  3.2 
and  3»3*  The  loads  as  obtained  from  either  the  proving  ring  reading  or  the  load 
cell  output,  were  divided  by  an  area  corrected  for  axial  strain  to  obtain  the 
stresses  while  the  deflections  were  divided  by  a  length  of  saarple  calculated 
to  exist  following  consolidation.  These  calculations  were  made  on  the  following 
assumptions;  (a)  water  content  at  trimming  equals  32.1/t  and  the  volume  as 
triniaed  equals  80  ccj  (b)  the  specific  gravity  of  solids,  0.  =  2.7Ti  (c)  foUowiiig 
consolidation  the  water  content  equals  2^*3^  (See  Figure  2.l6)^  (^)  unit  strain 
dui'ing  consolidation  was  the  same  in  principal  strain  directions  (i.e.,  isotropic 
soil  structure);  and  (3)  dxiring  con^ireBsion  testing,  the  area  is  given  by  the 
stemdard  relationship  assuming  cylindrical  deformation  /  where 

A  f  =  corrected  area  at  any  strain  level,  =  area  following  consolidation  and 
S  =  imlt  strain. 

Assuming  a  "static  strength"  of  30  Ib/in  ,  based  on  the  idealized  picture 
of  the  behavior  of  the  Loess  presented  in  Figure  2,19,  the  plot  of  increase  in 
strength  over  the  static  strength  vs.  the  time  of  loading.  Figure  3'^+(a)L,  has 
been  constructed.  In  this  plot  and  the  following  plot.  Time  of  Loading  has 
the  modified  definition  adopted  in  (MIT  1959b)  (i.e,,  time  to  1^  strain) 
making  it  a  direct  measui’e  of  the  rate  of  strain. 
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In  Figure  3-*<-  (b)  the  modulus  to  strain  has  heen  plotted  against  Time 
to  Failure  previously  defined.  The  static  modulus  to  1^  strain  -(ras  obtained 
from  Test  l4  of  the  static  triaxlal  test  series  described  in  Chapter  2. 

3 • 9  Dlscuflslon  and  analysis  of  results  of  rapid  trleixial  compression  tests  on 
compression  tests  on  saturated  Loess 

The  following  discussion  is  an  attempt  to  develop  some  picture  of  the  inter¬ 
relationship  of  the  various  mechanisms  possibly  contributing  to  the  manifesta¬ 
tions  of  strain-rate  effect  on  the  stress  vs.  strain  behavior  of  saturated 
samples  of  fine  grained  soils  tested  in  trlaxial  compression.  The  analysis 
will  undoubtedly  oversimiJllfy  the  behavior  of  this  pstrtlciilar  soil  in  which 
interaction  between  the  silt  sized  bulk  of  the  particles  and  their  colloidal 
matrix  complicate  not  only  the  dynamic  response,  but,  as  has  previously  been 
pointed  out,  the  static  response  as  veil. 

It  is  conceded  by  many,  but  by  no  means  all,  of  the  investigators  in 
the  shear  strength  aspect  of  soil  mechanics  research,  that  the  strength  of  a  fine 
grained  soil  consists  of  two  components,  one  dependent  upon  the  relative-spacing 
of  soil  particles  at  failure,  as  Indicated  by  the  void  ratio,  and  the  other  de¬ 
pendent  upon  the  effective  stress  acting  between  these  particles.  At  the  writing 
of  this  research  report,  the  V'-est  that  can  be  said  is  that  for  any  failure  water 
content  there  exists  a  unique  vs.  e-p-Pwc+.iv**  stress  relationship. 

A  fine  grained  sol’  1*4 ends,  for  this  shear  resistance  and  effective 
stress  relationship,  upon  Its  struct\a:e,  where  structure  is  aciiucu  a:?  uuc  jv/xiiu 
contribution  of  particle  orientation  brought  about  by  the  forces  acting  between 
particles  and  by  these  Interparticular  forces  themselves.  In  a  saturated  soil, 
if  T  =  =•  (cT-^Lo)  (i.e.,  shearing  resistance  =  function  of  the  total 

stress  minus  the  pressure  in  the  fluid  phase),  then  changes  in  structure  can 
contribute  to  cluinges  in  this  relationship  either  by  altering  the  strength- 
ef.fective  stress  relationship  or  by  affecting  the  manner  in  which  pore  water 
pressiire  is  developed  by  the  applied  stresses  and  thus  altering  the  effective 
stress  at  failtire. 
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Both  the  manner  in  which  the  structure  of  a  tine  grained  soil  resists 
shear  stress  applications  and  the  manner  in  which  various  components  of  this 
structural  resistance  react  to  changes  in  rate  of  strain  give  an  ideal  fine 
grained  soil  its  typical  strain-rate  behavior  pattern. 

If  pore  pressure  considerations  are  temporarily  overlooked,  a  first 
step  in  understanding  ideal  behavior  can  be  made.  This  step  involves  am  ideali¬ 
zation  of  viscous  vs.  brittle  behavior  patterns  as  discussed  in  (MIT  1959b). 
Briefly,  a  viscous  strain-rate  behavior  pattcjnn  is  one  as  idealized  in  Figure  3 •5® 
in  -vdilch  an  increase  in  strain-rate  increases  the  modul\is  of  the  stress  vs.  strain 
curve,  while  an  idealized  brittle  display  is  one  in  which  the  stress  strain  curve 
rises  sharply  to  a  pesdc  and  an  increase  in  the  rate  of  strain  causes  siaiply  an 
elevation  of  this  peak  r/lth  no  basic  change  in  modulus.  In  soils,  brittle  be¬ 
havior  may  be  characteristic  of  a  soil  structure  in  which  there  is  an  actual 
bonding  or  linkage  between  particles.  The  modifLus  of  the  stress  vs.  strain  curve 
is  related  to  the  rigidity  of  an  individual  bond  and  hence  is  not  effectively  a 
function  of  strain-rate,  >daile  an  Increase  in  rate  of  strain  can  statistically 
affect  the  number  of  bonds  active  at  peak  stress  and  thus  raise  the  peak.  Via¬ 
com  behavior,  on  the  other  hand,  could  be  expected  to  occur  in  a  soil  where 
parallel  particle  orientation  leads  to  a  structure  whose  strength  arises  from 
forces  acting  between  particles  and  thus  could  be  typically  viscous  in  nature, 
nrituie  i.>cnaviui’  ijOiJLd  be  expected  in  a  cell  .ia.vij.tj  what  new)  been  cherectcrlzed 
as  a  flocculated  structure  as  would  exist  in  normally  consolidated  clays  with 
the  amirourlate  formation  environment  or  in  clays  ccorpacted  wet  of  optimum 
water  content  could  be  expected  to  display  viscous  strain  rate  behavior. 

In  an  actual  soil,  the  development  of  pore  water  pressure  during  the 
application  of  shear  stresses  adds  another  complicating  factor  to  the  already 
coD^illcated  picture.  Pore  pressures  set  up  due  to  application  of  shear  stresses 
can  best  be  described  in  terms  of  the  pore  pressure  parameter  A  (SKUffTON,  195^)> 

/\  (JL 

where  A  is  defined  as  the  ratio  of  change  in  pore  pressure 

during  the  application  of  a  particular  deviator  stress  increment  to  this  deviator 
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stress  Incremeat.  In  &  saturated  specimen,  tested  in  triaxial  compression, 
two  mechajilsms  by  which  rate  of  strain  could  influence  the  pore  pressure 
and  thus  affect  the  shearing  resistance  are :  (l)  the  change  in  A  at  a  point 
in  the  specimen  due  to  an  increase  in  rate  of  strain;  and  (2)  change  in  overall 
A  value  for  the  specimen  as  a  whole  due  to  the  effect  of  migration  of  pore 
water  to  or  away  from  the  zone  in  which  failure  is  taking  place •  As  time  is 
required  for  the  migration  of  pore  water,  this  becomes  a  time  dependent 
phenomenon . 

Ifechanism  2  is,  of  course,  not  fundamental  as  it  has  its  roots  in 
the  stress  distribution  in  a  triaxlal  compression  specimen.  This  stress 
distribution  is  little  understood.  BISHOP,  BIJOHT  and  DONALD  (I960),  in 
a  study  of  the  effect  of  rate  of  strain  on  base  pore  pressure  measurements, 
have  described  this  mechanism  in  the  following  manner: 

The  unequal  distribution  of  stresses  in  a  triexiel  specimen  occurs 
duo  to  end  restraint  at  the  base  and  at  the  cap.  End  restraint  has  the 
effect  in  these  regions  of  increasing  slightly  and  considerably  reduc¬ 
ing  the  deviator  stress  -  e^).  The  basic  pore  pressure  equation 

/^  =  B  Acrj^-Ao-^)]caa  be  rearranged  in  the  form  BE^a^-(l-A) 

Both  effects  of  end  restraint  will  increase  in  the  end 

regions  unless  A  >>1.  If  the  test  is  inm  slowly  enough,  the  pore  pressure 
throughout  the  sample  will  be  equalized  by  a  flow  of  water  within  the  sample. 
This  flow  will  be  seen  to  decrease  the  strength  at  the  mid-portioa  of  the 
sample  if  A.  <1  and  possibly  increase  it  sliglitly  if  A>1.  Therefore,  if 
A  <.1,  an  increase  in  strength  should  occur  if  the  test  is  rvm  rapidly  enough 
to  prevent  the  migration  of  pore  water,  while  if  A  P^l,  the  possibility  of 
a  slight  decrease  in  strength  exists. 

i;echanicm  1,  the  altering  of  the  A  value  of  any  element  of  tlie 
soil  is  much  more  fundamental  and  reflects  the  nature  of  the  soil  structure. 

A  possible  mechanism  of  this  alteration  is  shown  in  Figure  5* 5(c).  In  the 
structure  shown,  the  bonds  at  A  are  assumed  to  be  somewhat  viscous  in  nature. 
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Under  a  slow  stress  application,  the  diagonal  particle  translates  as  the 
vibo.jUB  contact  at  A  penaits  this  to  occur.  As  this  translation  proceeds, 
some  of  the  forces  maintaining  equilibrium  of  particle  spacing  are  dis¬ 
turbed,  a  tendency  for  collapse  and  thus  development  of  positive  pore 
vater  pressure  ensues.  However,  under  a  rapid  application  of  load,  the 
viscous  behavior  at  the  contacts  at  A  form,  in  effect,  a  hinge.  iSiiis 
there  exists  a  tendency  for  rotation  to  occur  which  in  the  extreme, 
could  lead  to  the  development  of  a  negative  pore  water  pressure.  This 
mechanism  would  therefore  lead  to  an  increase  in  strength  as  the  rate  of 
strain  is  increased. 

With  these  points  in  mind,  an  anlysis  of  the  rapid  tests  on  the 
saturated  Loess  may  be  imdertaken.  It  is  important  to  remember  that  these 
tests  were  of  a  very  pi’ellmlnary  nature,  and  hence  the  following  discussion 
represents  more  the  manner  in  \dilch  such  analyses  may  be  made  rather  than 
positive  conclusions  regarding  this  saturated  Loess, 

The  resiilts  of  the  imconfined  ecmpression  tests  are  plotted  in 
Figure  3*2.  This  soil  tested  in  unconflned  ecmpresslon  ejdiibits  a  strain 
rate  effect  on  maximum  shear  strength  of  about  IO56.  This  stress-strain 
behavior  is  indicative  of  behavior  intermediate  between  viscous  and  brittle 
as  both  a  general  s  beerjeuing  of  the  stress  vs  strain  ciurve  and  an  elevation 
of  peak  stress  appear.  As  the  mode  of  failure  of  unconfined  compression 
tests  is  probably  quite  different  from  that  of  ccnfined  tests,  little 
here  can  be  learned  regarding  structure.  Unconflned  tests  probably  fail- 
due  to  splitting  of  the  sample.  Ibis  splitting  induces  a  negative  pore 
water  pressure  which,  according  to  the  magnitude  it  develops,  controls 
the  shear  strength. 

In  Figure  3.6  is  plotted  a  EStrai^t  line  representing  the  relationship 
between  shear  strength  and  effective  minor  principal  stress  at  failure  for 
a  water  content  of  27.3^.  This  plot  has  been  constructed  by  expanding 
Figure  2,21  for  an  equivalent  consolidation  pressure  of  56.8  Ib/in  .  If 
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the  (leyiator  stress  at  failure  he  plotted  oa  this  liacj  the  effective 
principal  stress  at  failure  caa  he  estimated.  In  these  uncomflned  tests, 
the  total  jrdno'i  principal  stress  is  zero,  and  thus  the  pore  pressure  at 
failin?e  caa  he  deduced.  These  pore  pressure  at  failure  give  a  clue  to  the 
prohahle  cause  of  the  strain  rate  effect  in  the  unconfined  specimens.  The 
slow  test  failed  at  a  deviator  stress  corresponding  to  a  pore-water  pressure 

,  p 

of  15.5  Ih/in  helcw  atmospheric  pressure.  This  is  suhstaatially  the  value 

at  which  caviatatlon  or  vaporization  of  free  water  occurs  at  room  tenrperatvire. 

In  order  to  cavitate,  nucleatlon  must  oeexar,  and  a  site  for  nucleatlon  must 

he  found.  Statistically,  the  search  for  a  aucleation  site  is  time  dependent, 

and  water  coiild  he  expected  to  obtain  an  absolute  tension  in  a  rapidly  loaded 

specimen.  Other  phenomena  substantiating  this  expectation  have  been  noted 

(see  WHITWIN,  RICHABDGOH  and  IIKALY,  I961).  The  deduced  pore  pressure  at 

2 

failure  of  21.2  Ib/in  below  atmosphere  in  Test  1,  the  rapid  test,  then, 
is  the  result  of  the  rapid  application  of  stress  and  gives  rise  to  the 
strain  rate  effect  in  this  situation. 

The  resiilts  of  the  confined  tests  can  be  analyzed  in  a  similar 
manner.  The  stress  vs  strain  curves  as  plotted  in  Figure  5*5  hint  at 
brittle  behavior.  Both  the  slow  and  fast  tests  yield  shear  strengths 
exceeding  the  assumed  static  strength  by  approximately  405^.  However,  the 
fast  test  yielded  a  strength  about  5^  lower  than  the  slow  test.  Hence, 
the  overall  strength  increase  over  the  static  strength  can  be  assumed  as 
pore  pressure  behavior  attributable  to  mechanism  1,  while  the  decrease  in 
strength  from  the  slow  to  the  fast  rate  could  be  attributable  to  mechanism 
2,  since  the  static  A  value  for  this  soil  is  greater  than  1.  However,  it  is 
equally  possible  that  this  decrease  in  strength  is  due  to  a  scatter  in  test 
results  and  is  not  a  true  behavior  characteristic  of  the  soil. 

5  o 10  Piston Friction 

Figure  5.3  prcccntG  interesting  data  on  the  possible  Influence  of 
piston  friction  in  tests  where  the  load  is  read  externally  on  a  proving 
ring.  Test  h  was  performed  i-«*iuing  the  xoad  externally  on  a  proving  ring 


but  *l].so  se»di*g  the  load  laslde  the  tx'laxlal  ehsiober  usiag  the  load  cell.  As 
is  appareat,  a  possible  pistoia  frlctioa  effect  of  10^^  c«»  occur.  However,  this 
test  was  quite  extreme  im  that  the  chamber  used  was  the  o»e  custcanarily  em¬ 
ployed  is  the  fast  tests  om  the  M.I.T.  rapid  load  frame  a»d  was  kaovna  to 
have  a  rather  rough  fittiag  pistoa. 

3.11  Coaclusioas 

The  results  of  a  series  of  a  triaxial  compressioa  tests  performed  at 
rapid  rates  of  straias  have  teea  preseated.  The  data  obtaiaable  from  this 
series  of  tests  is  svimmarized  ia  Figure  3.4,  but  it  is  cautioaed  agaia  that 
this  series  of  teats  was  of  a  prellmiaaxy  aature.  Possible  mechaalsms 
accoviatiag  for  straia  rate  effect  la  fiae  graiaed  soils  have  beea  preseated 
and  discussed  aad  the  results  of  this  series  of  tests  have  beea  aaalyzed  la 
the  light  of  these  mechaalsms. 

It  was  concluded  la  Chapter 'd  of  this  report  that  the  Loess  greatly 
deviated  from  ideal  ia  its  static  stress  vs.  straia  behavior.  This  congpU- 
caticai  of  behavior  makes  the  tateipretatloa  of  these  dyaamic  test  results 
quite  difficult.  On  the  basis  of  these  prelimlaary  tests  oa  the  Loess,  It 
has  beea  decided  to  coaceatrate  research  efforts  oa  the  Fat  Clay  tiatil 
better  techalques  of  testiag  aad  aaalyzlag  results  caa  be  developed. 

Ia  particular,  before  retiiralag  to  rapid  tests  oa  the  saturated 
Loess,  it  Is  deemed  aecessary  to:  (a)  gala  aew  uaderstaadiag  of  the  behavior 
of  a  predcmiaaatly  fine  graiaed  soil  such  as  the  Fat  Clay,  aad  (b)  develop 
the  necessary  tecliaiques  to  determine  experimentally  the  various  levels  of 
pore  pressure  obtained  ia  these  rapid  tests. 


-32- 


Chapter  h 

EATID  TRTAXIAL  COI^FRESSION  TESTS 
ON  SAOWRATBU  FAT  CIAY 


4.1  Introduction 

This  chapter  describes  a  series  of  rapid  triaxial  cumpreasion  tests 
on  a  saturated  fat  clay.  This  series  of  tests  was  of  a  preliminary  nature, 
and,  as  with  the  rapid  trlaxial  con^jression  tests  on  the  saturated  Loess, 
was  performed  as  a  part  of  the  planning  stage  of  an  extensive  program 
investigating  strain  rate  effects  in  saturated  soils.  A  total  of  four 
tests  were  performed,  2  nonnally  consolidated  and  2  overconsolidated.  Two 
strain  rates  were  employed,  one  very  rapid  one  and  one  slow,  with  one  speci¬ 
men  of  each  stress  history  being  tested  at  each  strain  rate.  The  results 
of  these  dynamic  tests  are  compared  with  known  behavior  patterns  for  this 
soil  obtadjied  from  previously  performed  static  tests. 

^•2  Soil  specimens 

The  soil  employed  in  this  .series  of  tests  was  the  Fat  Clay  employed 
in  the  static  trlaxial  compression  tests  described  in  Chapter  5  of  {MIT 
1959b)  *  Hie  individual  test  specimens  were  trimmed  from  prisms  of  soil 
from  Batch  3  as  described  in  (MIT  1959b)  and  stored  in  oil.  Batch  3  was 
consolidated  in  June  of  1959* 

The  testing  of  specimens  from  this  batch  at  static  rates  was  imder- 
taken  in  Jxuy  of  1959 «  This  series  of  dynamic  tests  was  performed  in 
November  and  December  of  1959-  The  possible  effect  of  this  storage  period 
is  unknown  at  this  time.  However,  concurrent  studies  at  MIT  Indicate  that 
storage  time  differences  of  this  magnitude  influence  comparison  of  test 
results  only  to  a  minor  degiee. 

4.3  Trlaxial  consolidation 

Following  trimming  the  specimens  were  placed  in  NGI  trlaxial  cells 
following  exactly  the  same  procedure  used  for  the  tests  on  the  Loess  and 
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described  in  Chapter  3  of  this  report.  Two  sanples  were  norsnally  consoU- 
dated  to  60  lb/ in  '  in  three  pressure  increments » 

The  two  overeonsolldated  specimens  were  normally  consolidated  to 
2 

120  Ib/in  in  four  pressure  increments  and  then  allowed  to  rebound  to 
15  Ib/in  .  It  was  originally  intended  in  this  test  program  that  the  stress 
history  prior  to  testing  be  such  that  all  specimens  would  arrive  at  the  same 
water  content.  Considerable  difficixlty  was  ejqperienced  in  maintaining  the 
120  Ib/in  consolidation  pressure,  and  on  two  occasions  this  pressure  was 
lost  oveml^t,  and  had  to  be  restored  In  the  morning  =  As  a  result  of  this 
cycling  of  consolidation  pressures,  the  over-consolidated  specimens  arrived 
at  a  water  content  a  good  deal  lower  than  that  anticipated, 

4.4  Eapld  triaxial  eocrpression  testing 

Following  consolidation,  the  specimens  were  transferred  from  the  cell 
in  tliey  were  consolidated  into  another  NGI  triaxial  cesll  having  a 

load  cell  in  the  base.  This  series  of  tests  was  performed  prior  to  the 
rapid  triaxial  c OuipjTc s o xOn  ucouo  on  ■fcxlc  XfOOSS  BHu.  liOnCO  prior  to  the  con- 
s truction  of  the  load  cell  described  in  Chapter  3»  The  load  cell  employed 
in  this  series  of  tests  was  the  meditim  caj^acity  load  cell  described  in 
(MIT  1959a) . 

Tests  were  performed  on  the  MIT  dynamic  load  frame  (MIT  1959a)  at 
the  two  extreane  rates  of  strain  lAich  this  device  affords,  Ihe  fast  tests 
employed  a  rate  of  strain  of  12  inches/second  -(diile  tlae  slow  rate  vraa  0.1 
inches/second. 

The  instrumentation  for  sensing  and  recording  the  load-deformation 
behavior  was  that  described  in  (MIT  1959a)- 


4.5  Results  of  rapid  triaxlal  compression  tests  on  the  fat  clay 


The  stress  vs  strain  behavior  obtained  in  this  series  of  four 
tests  is  plotted  in  Figures  4.x  and  4,2.  In  addition,  the  results  or 
static  test  M-8  from  the  series  of  static  triaxlal  compression  tests  re¬ 
corded  in  (MIT  1959’h)  has  been  replotted.  No  overconsolidated  static 
test  is  directly  comparable  to  the  dynamic  tests  plotted  in  Figure  4.2 
so  no  such  static  curve  is  plotted.  The  stress  levels  were  computed  \ising 
the  recorded  load  and  corrected  areas  computed  in  the  manner  discussed  in 
section  3.8  of  this  report  but  xising  the  water  contents  appearing  in  Table 
4,1.  It  is  interesting  to  note  that  the  lengths  at  the  end  of  consolida¬ 
tion  computed  on  the  basis  of  the  assumption  of  isotropic  unit  strain  com¬ 
pare  quite  closely  with  lengths  carefully  measured  at  this  time.  This 
comparison  is  made  in  Table  4.1. 

Figure  4.3  Is  a  reproduction  of  the  water  contents  consolidation 
pressure  data  for  Batch  3  of  the  Fat  clay  appearing  in  (MIT  1959h). 

A  static  strength  value  ms  obtained  directly  from  t  est  M-8  in 
the  case  of  normal  consolidation  and  deduced  as  will  be  described  in  the 
case  of  the  overconsolidated  specjjnens.  The  ratio  of  strength  increase 
over  this  static  value  is  plotted  against  time  to  failure  in  Figure  4.4a. 

The  pore  pressure  parameter  A  at  failure,  deduced  as  will  be  described, 
is  plotted  against  time  to  failure  in  Figure  4.4b.  In  both  these  instances, 
time  to  failure  has  the  modified  definition  of  time  to  one  percent  strain, 
as  described  in  (MIT  1959b). 

4.6  Analysis  and  discussion  of  results  of  rapid  triaxlal  compression  tests 
on  the  fat  clay 

A  study  of  Figures  4.1  and  4.2  can  give  scaie  Insight  into  the  role 
tiiat  the  type  of  structure  plays  in  determining  the  shearing  resistance 
repose  pattern,  and  the  relationship  of  each  to  rate  of  strain.  The  stress 
vs  strain  response  patterns  of  the  normally  consolidated  sauries  rise 
sharply  to  peaks.  The  effect  of  an  increase  in  the  rate  of  strain  on  these 
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response  patterns  Is  to  elevate  the  peak  strength  with  no  suhstantial  change 
in  initial  modul\is.  This  "brittle"  behavior  Is  indicative  of  a  soil  struc- 
tiire  tending  toward  the  "floccnlated"  type.  Tn  contast,  the  overcoubolidated 
specimens  plotted  in  Figvu'e  4.2  display  behavior  patterns  in  which  the 
effect  of  an  Increase  in  rate  of  strain  is  to  Increase  the  shear  strength 
both  by  an  elevation  of  the  peak  value  and  by  a  substantial  increase  in 
the  modulus  or  slope  of*  the  early  portion  of  the  stress  vs  strain  curve. 

This  type  of  behavior  containing  elements  of  both  brittle  and  viscous 
strain  rate  characteristics  is  indicative  of  an  effect  of  a  structure 
tending  toward  a  dispersed  or  oriented  particle  arrangement  but  retaining 
a  considerable  degree  of  randem  or  "flocculated"  arrangement.  Hence  it 
may  be  assumed  that  the  stress  history  leading  to  the  overconsolidated 
state  attained  in  this  series  of  tests  tends  to  destroy  some  of  the  elements 
of  the  flocculated  structure  present  in  the  normally  consolidated  specimens 
with  a  resulting  Improvement  of  the  relative  degree  of  particle  Tjarallelism. 

A  discussion  of  the  modes  of  structiiral  contribution  to  the  strain 
rate  effect  is  included  in  Section  3*9  of  this  report.  The  plot  of  strength 
increase  over  static  vs  time  of  loading  in  Figure  4.4a  gives  further  evidence 
of  the  viscous  vs  brittle  aspects  of  structural  behavior.  The  normally 
consolidated  specimens  show  a  strain  rate  effect  the  major  portion  of  vliich 
occurs  quite  rapidly  as  the  fast  rate  is  approached.  The  increase  in  strength 
with  strain  rate  in  the  overconsolidated  specimens,  however,  occurs  gradually. 

The  rapid  increase  in  the  first  instance  is  what  would  be  expected 
from  brittle  struct^lral  behavior,  \diile  the  second  situation  is  highly  indica¬ 
tive  of  elements  of  viscous  behavior. 

In  Figure  5.8  of  (J-IIT  1959b)  is  presented  a  Hvorslev  Paremeter  Plot 
for  the  fat  clay  which  yielded  a  true  angle  of  internal  friction  (  9e )  = 

ll|-°  and  a  true  cohesion  (c  )  =  0.l4  p  wliere  p  is  the  pressure  lAich 

C  C  c 

TOuld  produce  the  particular  water  content  in  a  normally  consolidated  sample. 
Subsequent  work  at  MIT  indicates  that  a  more  reasonable  value  may  he  9e 
=17.1°  and  Cg  =  0.115  Pg. 
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The  hest  estimate  of  the  static  streisgth  in  the  overconsolidated 
tests  was  arrived  at  hy  assuming  a*  A  at  failure  (where  A  =  ^ 

of  0  (which  corresponds  to  tests  Mj^  and  in  M.  I.T.  1959b.  The^e  telts  have 
the  same  nominal  stress  history  as  those  in  the  current  series )«  Then, 
at  failure  =  15  Ib/in^c  Using  tp^  --  17.1  and  c^  =  0.155  gives; 


oC  =  Tan 


Sin  cp_ 
l-Slm 


=  Al6  aad  b 


c 

e 

K  “ 


Cos  (p^ 
1-Sin  cp 


=  .210 


"e  '  e  ’^e 

(see  Figure  5-^  of  M.I.T.  1959b).  For  a  failure  water  content  of  30.5^ 


=  6.83  kg/cm  (Figure  4.3).  Therefore  (a^  -  o^) 

h  p  +0,  Tan<<=  53.4  Ih/in^, 

e  3 


at  failure  = 


^  Using  these  same  values  for  the  Hvorslev  parameters  (l.e.  cp^  = 

and  —  =  0.155),  the  values  of  and  thus  <Xat  failure  can  be  computed 
in  a  Similar  manner;  (tt.=  -  a^).  These  calciaations  are  tabxilatsd  in 

Table  4.1  and  lead  to  the  A  at  failure  values  plotted  in  Figure  4.4b, 
Included  is  Section  3=9  of  this  report  is  seme  discussion  of  the  manner 
in  which  pore  presstire  buildup  and  pore  pressure  distribution  in  triaxlal 
compression  specimens  are  affected  by  a  change  in  the  rate  of  strain  and 
thus  contribute  to  the  overall  strain  rate  effect.  To  summarize,  two 
possible  mechanisms  were  suggested.  Mechanism  1  is  the  change  in  A  in 
elements  of  the  soil  sample  due  to  an  increase  in  the  rate  of  strain,  while 
Mechanism  2  is  a  change  in  the  overall  A  value  of  the  specimen  due  to  a 
flow  of  water  to  or  from  zones  of  different  stress  conditions. 


17.1 


o 


.Some  deductions  regarding  the  mechanisms  responsible  for  the  pore 
pressure  changes  with  increased  rate  of  strain  may  be  made  by:  (l)  looking 
at  the  rearrangement  of  the  basic  pore  pressure  equation  given  in  Section 
3.9:  ^U=  -  (l-A)  (2)  noting  that  restraint  at  triaxial 

specimen  ends  will  tend  to  increase  and  considerably  reduce  (-^cr^  ■'^'^7;) 
over  values  in  the  mid-portion;  (3)  and  observing  in  fhis  equation  that,  if 
A  >-0  (as  in  a  normally  consolidated  clay)  the  pore  pressure  at  the  base 
will  still  be  of  the  ssmg  order  as  that  at  the  middle,  while  if  A 
there  exists  the  possibility  that,  in  a  rapid  test,  a  considerably  less 
negative,  or  even  positive  pore  pressure  could  be  developed  close  to  the 
ends  with  a  negative  pore  pressure  in  the  remainder  of  the  ssa^le. 
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In  a  normalZy  coiiBolidated  with  AS  +1  it  can  he  expected 

that  somewhat  higher  pore  pressures  will  exist  in  the  regions  of  end  re¬ 
straint  than  in  the  center  portion  of  the  sample.  However,  it  is  felt 
that  the  small  flows  necessary  to  equalize  these  differences  will  have 
little  e£fect  on  the  aveiage  pore  pressures  at  equilibrium,  so  that  slight. 
If  any,  strain  rate  effects  due  to  this  pore  pressure  mechanism  2  would 
result. 


In  the  overconaolidated  sample,  it  is  conceivable  that,  if  a 
test  be  run  rapidly  enough  to  prohibit  any  equalization  of  pore  pressures, 
a  less  negative  (or  even  positive)  pore  presstire  would  exist  at  the  regions 
of  end  restraint  than  in  the  central  portion.  Very  little  flow  would  seem 
to  be  required  to  substantially  increase  (make  less  negative)  the  pore 
pressure  in  this  central  portion  since  volume  change  is  taking  place  on  a 
rebound  or  reconsolidation  portion  of  the  water  content  vs  effective 
stress  curve  considerably  flatter  than  the  noma3  consolidation  portion. 
Hence,  if  the  test  be  slowed  to  a  rate  allowing  this  equalization  in  pore 
pressure  to  occur.  Mechanism  2  will  operate  to  reduce  the  strength. 

Following  this  reasoning,  the  change  in  pore  pressures  due  to 
increase  in  rate  of  strain  in  the  noimally  consolidated  specimens  which 
occurs  rather  abruptly,  can  be  adjudged  to  be  mainly  due  to  Mechanism  1 
while  the  rather  gradual  increase  in  the  case  of  overconsolidated  specimens 
can  be  auijudged  to  result  from  the  presence  of  both  mechanisms. 

k,J  Concrosions 

Since  a  very  limited  number  of  tests  were  performed  and  these  were  of 
a  preliminary  nature,  no  definite  coneliisions  regarding  the  magnitude  or 
nature  of  the  strain  rate  effect  can  be  drawn.  However,  knowing  that  the 
behavior  of  this  soil  is  consistent,  and  follows  predictable  patterns,  it 
is  felt  that  *;he  best  initial  approach  to  an  understanding  of  the  strain 
rate  effect  in  saturated  soils  lies  in  a  comprehensive  study  of  this  soil 
under  dynamic  load  conditions. 
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In  addition,  it  has  ■become  clearly  apjarent  in  these  tests  that 
analysis  of  data,  in  terms  of  effective  stresses,  is  extremely  Important 
and  that  development  of  effective  techniques  and  devices  for  pore  pressure 
measurements  in  rapid  tests  cannot  be  stressed  enough. 


SUMiAHT  OF  CONCIUSIONS 


CoDclwlong 

li  results  and  analysis  of  an  extensive  series  of  "static" 

triaxlal  tests  on  a  remolded  Loess  have  heen  presented.  Due 
to  considerable  scatter  of  the  data  (probably  caused  by  non- 
hcmogeneovis  and  not  fully  saturated  test  specimens  and  do^'iation 
from  idealized  patterns  of  the  colloidal  and  granular  factors). 
Interpretation  of  these  dynamic  test  results  on  the  Loess  vas 
quite  difficult. 

2.  The  triaxlal  conqjression  tests  on  the  Loess  performed  at  rapid 
rates  of  strain  cannot  be  fully  analyzed  until  the  discrepancies 
in  the  "static"  tests  are  removed.  Hovever,  possible  mechanisms 
accounting  for  strain  rate  effect  in  fine  grained  soils  have 
been  analyzed  in  the  light  of  these  mechanisms.  On  the  basis 

of  these  preliminary  tests  on  Loess,  it  has  been  decided  to  con¬ 
centrate  research  efforts  on  the  Fat  Clay  ’until  better  techniques 
of  testing  and  analyzing  results  can  be  developed. 

3.  The  behavior  of  the  saturated  clay  in  the  triaxlal  compression 
tests  at  rapid  rates  of  strain  vas  consistent  emd  followed  pre¬ 
dictable  patterns.  It  is  felt,  therefore,  that  the  best  initial 
approach  to  an  understeinding  of  the  strain  rate  effect  in  saturated 
soils  lies  in  a  comprehensive  study  of  this  soil  under  dynamic  load 
conditions.  Since  a  very  limited  number  of  tests  were  run  in  this 
series  of  preliminary  tests,  no  definite  conclusions  regarding  the 
magnitude  or  nature  of  the  strain  rate  effect  can  be  drawn. 
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Future  Research 


A  coBjjrehenslve  study  of  the  saturated  clay  under  dynamic  load 
conditions  Is  nov  underway.  Results  of  the  tests  presented  In  this  report 
have  made  it  Increasingly  apparent  that  analyais  of  data  in  terms  of 
effective  stresses  imost  he  emphasized  and  that  effective  techniques  and 
devices  for  pore  pressure  meastirements  in  rapid  tests  are  essential. 


Stoinless  Steel  Shot? 


Note-  To  extrude,  relieve  pressure,  it\vert  consolidometer  i 
remove  main  holding  rods  ond  ti'ghten  extrusion  rods. 
Reapply  light  pressure  sufficient  to  extrude. 


FIGURE  2.1  SELF  EXTRUDIIMG  CONSOLIDOMETER 
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FIGURE  3.2  RAPID  UNCONFINED  COMPRESSION  TESTS  ON 
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FIGURE  3.4  STRAIN  RATE  EFFECT  -  SATURATED  LOESS 
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